epidemiological study of T wave alternans in patients with congestive heart failure (n 5 31), the other study evaluated T wave alternans in patients referred for electrophysiological testing (n 5 4). badrenergic blocking agents were held on the day of the study. All patients underwent two sequential submaximal bicycle exercise tests on the same day. Following the first exercise test, patients were allowed to rest until they subjectively returned to their baseline state and their heart rate and blood pressure had returned to baseline values. On average, the two exercise tests were performed 15 minutes apart.
Introduction
T wave alternans, a 2:1 pattern of alternation in the morphology of the T wave, has been shown to be a marker of an increased risk for the ventricular tachyarrhythmias that can cause sudden cardiac death. [1] [2] [3] The development of T wave alternans is highly dependent on heart rate: T wave alternans often was not present at rest, but only after the heart rate was increased above ; 90 beats/min. [1] [2] [3] [4] The initial human studies of T wave alternans used atrial pacing to enable the measurement of T wave alternans at increased heart rates with relatively low noise levels. A number of elegant advances in signal processing and noise reduction made it possible to measure T wave alternans during exercise. 4 Hohnloser et al. 5 demonstrated the equivalence of T wave alternans measured during bicycle exercise or during atrial pacing. A number of studies have demonstrated an association between T wave alternans meaured during bicycle exercise and an increased risk of subsequent spontaneous arrhythmic events. [6] [7] [8] [9] Despite the potential value of using microvolt level T wave alternans to identify patients at high risk for developing malignant ventricular arrhythmias, little is known about the reproducibility of T wave alternans measured during bicycle exercise. Accordingly, the purpose of this study was to prospectively evaluate the immediate reproducibility of T wave alternans measured during bicycle exercise testing.
Methods
Thirty-five patients who consented to participate and who were enrolled in two larger studies participated in this substudy. One study was an epidemiological study of T wave alternans in patients with congestive heart failure (n 5 31), the other study evaluated T wave alternans in patients referred for electrophysiological testing (n 5 4). badrenergic blocking agents were held on the day of the study. All patients underwent two sequential submaximal bicycle exercise tests on the same day. Following the first exercise test, patients were allowed to rest until they subjectively returned to their baseline state and their heart rate and blood pressure had returned to baseline values. On average, the two exercise tests were performed 15 minutes apart.
T wave Alternans Testing
Careful skin preparation including mild abrasion and high resolution electrodes (Micro-V Alternans Sensors, Cambridge Heart Inc., Bedford, MA, USA) were used to minimize noise. The same leads were used for both exercise tests (i.e., the leads were not changed after the first test). T wave alternans was measured with the CH2000/D8 system (Cambridge Heart Inc.) as previously described during submaximal bicycle exercise to achieve a heart rate of 110 beats/min. 6 T wave alternans was prospectively defined as positive when it was sustained with an onset heart rate # 110 beats/min with an alternans amplitude $ 1.9 mV and alternans ratio $ 3 in the vector magnitude lead, any orthogonal lead or two consecutive precordial leads. 10 T wave alternans was prospectively defined as negative if the criteria for a positive test were not met and if there was a 1-minute period without significant alternans while the heart rate was $105 beats/min and the tracing was not obscured by noise or ectopic beats. Otherwise, the T wave alternans test was considered indeterminate.
T wave alternans tests were read and interpreted by two independent physician readers who were blinded to the patient's clinical data. Tests were randomly sorted and relabeled to prevent the independent physician readers from knowing the sequence of tests or which two tests were from the same patient. All tests were classified as positive, negative, or indeterminate.
Statistical Analysis
The primary analysis of the data was designed to determine the reproducibility of sequential T wave alternans exercise tests. Even though the classification of T wave alternans test has three outcomes (two determinate outcomes [positive and negative]) and an indeterminate outcome), the most important question in determining the reliability of a test is how reliable are the tests that are interpreted as definitive (i.e., determinate). A high concordance between determinate tests (positive or negative) is important if the test results are to be considered definitive. The concordance of indeterminate tests, however, is not informative. The authors expected and hoped that some of the indeterminate tests would not be concordant and would become determinate on repeat testing. Therefore, to assess the reliability of T wave alternans testing, the agreement between two sequential tests in the subset of patients that had two determinate tests was analyzed. The reproducibility of sequential T wave alternans tests was described by the observed proportion of agreement ( 11 In the subset of patients with two positive tests, the onset heart rate for each of the two tests was compared using a paired t-test.
Results
Thirty-five patients were studied. The clinical characteristics of these patients are described in Table I. BLOOMFIELD, ET AL.
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Concordance of Sequential T Wave Alternans Tests
The results of the outcome of the two T wave alternans tests are described in Table II . The T wave alternans test was positive in 18 (51%) of the initial tests. Of the 35 patients, 22 had T wave alternans tests that were determinate (positive or negative) on the first and second tests. Of these 22 patients, 18 (82%) tests were concordant and 4 were discordant (kappa 5 0.58). In the 13 T wave alternans tests that were positive on the first and second test, the average onset heart rate on the first test was 94.1 6 9.5 beats/min. There was no significant difference between the onset heart rate on the first and second test (mean difference 0.85 6 10.1 beats/min, P 5 0.8). An example of one patient with concordant results (two positive tests) is illustrated in Figure 1 . were similar in patients with concordant and discordant results. With regard to drug use, the two patients taking amiodarone had concordant test results. Three of the four patients with discordant test results were taking b-blockers, in contrast to 13 of the 31 patients with concordant results (P 5 0.2). Of the four patients with discordant results on the first and second tests, one of these four patients had a clear switch from positive to negative (Fig. 2 ).
Discordant T Wave Alternans Tests
In the other three patients with discordant T wave alternans test tracings, the interpretation of one or both tests was difficult. In two patients, one of the two sequential T wave alternans tests was extremely difficult to interpret because it was difficult to determine if the alternans that was present was sustained (i.e., consistently present above a threshold heart rate). The T wave alternans tracings from one of these two patients are illustrated in Figure 3 . The final patient with discordant T wave alternans tests had one test that was difficult to interpret because the T wave alternans occurred during a period when RR interval alternans was present (Fig. 4) . RR interval alternans is a potential cause of artifactual T wave alternans; T wave alternans may be the direct result of RR interval alternans rather than a primary abnormality in repolarization.
Effect of Sequential Testing on Indeterminate T Wave Alternans Tests
Thirteen patients had at least one indeterminate test result. Five (14.3%) patients had indeterminate test results on both tests and most of these tests were indeterminate because of the patient's inability to achieve the target heart rate of 105 beats/min. Of the 35 initial tests, 10 (28.6%) were indeterminate. The causes of indeterminate test results are described in Table III . Five of these ten tests became determinate on the second test (two positive and three negative).
Discussion
This study demonstrates that T wave alternans measured during bicycle exercise has an adequate reproducibility when measurements are made from two sequential exercise tests performed within a short period of time. In the group of patients with determinate test results on both the first and second tests, the results were concordant in 82% of patients. In addition, among the patients with positive tests, the onset heart rate of the T wave alternans in the first and second tests were nearly identical. This data suggests that the signal processing and noise reduction algorithms used to measure T wave alternans during exercise are effective and that the measurement of T wave alternans during bicycle exercise is reliable.
The data from this study also demonstrated that repeating the measurement of T wave alternans with a second test done 15 minutes after the conclusion of the first test significantly reduced the rate of indeterminate tests. This suggests that repeating the exercise test with a second measure of T wave alternans during the same session can significantly reduce the proportion of patients with indeterminate test results. With this approach, only 5 (14%) of 35 had indeterminate test results on both tests and most of these were indeterminate because of inadequate heart rate.
This study is limited to evaluating only the immediate reproducibility of T wave alternans. Recently, Klingenheben et al. 12 evaluated the long-term reproducibility of T wave alternans in patients after myocardial infarction (MI). In this study, 55 consecutive patients who survived a MI underwent a T wave alternans test 8 6 6 days after MI and after a 1-year follow-up. Of the 55 patients, 32 patients had determinate T wave alternans test results on both tests, 22 patients had an indeterminate result on one of the two tests, and 1 patient had a MI during the first year of followup and was thus excluded from the analysis. Among the patients with two determinate test re-BLOOMFIELD, ET AL.
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Figure 3. T wave alternans tests are shown for the first test (left panel) and the second test (right panel). In each panel, heart rate is displayed on the upper tracing, and T wave alternans is
In an attempt to understand the cause of discordant test results on the two tests, it became clear that some of the discordant test results were related to complexities surrounding the interpretation of T wave alternans tests. In one patient, the interpretation of one of the two sequential tests was complicated by difficulties interpreting T wave alternans in the presence of artifacts. In two patients, one of the two sequential tests was extremely difficult to interpret because it was difficult to determine if the alternans was sustained. It is conceivable that in select cases, when the interpretation of one or two tests is difficult, a third test may be useful in gaining confidence in a final interpretation. As we gain a better understanding of how to interpret T wave alternans tests, it is likely that the interpretation of T wave alternans tests will become less complicated further enhancing the reproducibility of the test.
One patient, however, demonstrated a clear switch from positive to negative without any obvious explanation. The mechanisms underlying this apparent change in the susceptibility to developing T wave alternans during exercise need further investigation.
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Figure 4. T wave alternans tests are shown for the first test (left panel) and the second test (right panel). In each panel, heart rate is displayed on the upper tracing, and T wave alternans is

Conclusions
T wave alternans measured during bicycle exercise has an acceptable reproducibility when measurements are made from two sequential exercise tests performed within a short period. This data suggests that the measurement of T wave alternans during exercise is reliable. Repeating the exercise test with a second measure of T wave alternans during the same session can significantly reduce the proportion of patients with indeterminate test results.
